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Although ATP-sensitive potassium (KATP) channel openers, e.g., minoxidil and diazoxide, can induce hair growth,
their mechanisms require clariﬁcation. Improved drugs are needed clinically. but the absence of a good bioassay
hampers research. KATP channels from various tissues contain subtypes of the regulatory sulfonylurea receptor,
SUR, and pore-forming, Kþ inward rectiﬁer subunits, Kir6.X, giving differing sensitivities to regulators. Therefore,
the in vitro effects of established potassium channel openers and inhibitors (tolbutamide and glibenclamide), plus
a novel, selective Kir6.2/SUR1 opener, NNC 55-0118, were assessed on deer hair follicle growth in serum-free
median without streptomycin. Minoxidil (0.1–100 lM, po0.001), NNC 55-0118 (1 mM, po0.01; 0.1, 10, 100 lM,
po0.001), and diazoxide (10 lM, po0.01) increased growth. Tolbutamide (1 mM) inhibited growth (po0.001) and
abolished the effect of 10 lM minoxidil, diazoxide and NNC 55-0118; glibenclamide (10 lM) had no effect, but
prevented stimulation by 10 lM minoxidil. Phenol red stimulated growth (po0.001), but channel modulator
responses remained unaltered. Thus, deer follicles offer a practical, ethically advantageous in vitro bioassay that
reﬂects clinical responses in vivo. The results indicate direct actions of KATP channel modulators within hair
follicles via two types of channels, with SUR 1 and SUR 2, probably SUR2B, sulfonylurea receptors.
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Minoxidil, diazoxide, and pinacidil are all drugs that stim-
ulate human hair growth, although none were designed to
do so (Koblenzer and Baker, 1968; Burton et al, 1975; Bur-
ton and Marshall, 1979; Goldberg, 1988; Price et al, 1999).
Minoxidil, currently the main topical treatment for hair loss
(Olsen et al, 2002; Dawber and Rundegren, 2003), was
originally developed as an anti-hypertension therapy. The
actual mechanisms by which these pharmaceuticals cause
hypertrichosis are uncertain (Messenger and Rundegren,
2004), partly because there is currently no practical, estab-
lished, reliable bioassay. Although a local vasodilatation
action has been suggested, it is not clear whether topical
minoxidil actually increases skin blood flow (Wester et al,
1984; Bunker and Dowd, 1988) and minoxidil is able to di-
rectly stimulate the growth of neonatal mouse vibrissae fol-
licles in organ culture (Buhl et al, 1989), suggesting it can act
directly on the cells of specialized hair follicles. Since diaz-
oxide, pinacidil, and minoxidil, metabolized to minoxidil sul-
fate, are all known to open adenosine triphosphate-
sensitive potassium (KATP) channels (Lawson, 1996), they
probably stimulate hair growth by this mechanism.
KATP channels are found in many tissues including the
heart, pancreatic b cells, brain, skeletal and smooth mus-
cles, and kidney (Seino and Miki, 2004). Recent research
has yielded much more information about the structure and
function of these channels. The KATP channel is constructed
as a 4:4 hetero-octamer (see Fig 1); this includes the reg-
ulatory sulfonylurea receptor subunits, abbreviated to SUR,
and the pore-forming, Kþ inward rectifier subunits, abbre-
viated to Kir and designated as Kir6.X in the systematic
naming of potassium channels, which control the ability of
potassium ions to pass through the membrane (Inagaki
et al, 1995; Clement et al, 1997; Seino and Miki, 2004). The
presence of both types of subunit is necessary for Kþ
channel activity. Currently, two forms of the Kir6.X subunits
are known: Kir6.1 and Kir6.2. There are also two isoforms of
SUR: SUR1, which combines with Kir6.2 to form the KATP
channels of pancreatic b cells and neurones, etc. (Kir6.2/
SUR1), and SUR2, which in two splice variants, SUR2A and
SUR2B, combines with the channel protein to form the KATP
channels of cardiac muscle (Kir6.2/SUR2A) and non-vas-
cular smooth muscle (Kir6.2/SUR2B) (Seino and Miki, 2004).
In vascular smooth muscle, SUR2B appears to be able to
combine with either Kir6.2 or Kir6.1 (Gribble and Reimann,
2003). This range of different KATP channel forms means that
different potassium channel openers and inhibitors, such as
the sulfonylureas, tolbutamide, and glibenclamide, used to
close channels in pancreatic b cells in diabetics to release
insulin, have varying abilities to affect channels in different
tissues. Which KATP channel subtypes are present in the hair
Abbreviations: KATP, ATP-sensitive potassium; Kir, K
þ inward rec-
tifier subunits; SUR, sulfonylurea receptor
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follicle is currently unclear, although Li et al (2001) have de-
tected gene expression of SUR2B receptors in cultured
dermal papilla cells. Understanding this could facilitate the
development of more selective drugs focused on the par-
ticular types of channel present; these could be potentially
more powerful in stimulating hair growth or regulating other
tissues, such as the pancreas, without producing unwanted
hair growth.
Several studies have reported that potassium channel
openers affect cultured follicles (Buhl et al, 1989, 1992;
Harmon et al, 1993; Waldon et al, 1993; Kamiya et al, 1998).
But, the range of culture systems used, the different types
of follicles studied, the various criteria measured (e.g., fol-
licle growth, cysteine incorporation), and the often conflict-
ing results, make it impossible to determine the exact effect
of these drugs on the hair follicle. Nevertheless, a number of
common themes emerge. In each study, the lowest con-
centration(s) investigated had no significant effect on follicle
growth, but as the potassium channel opener concentration
increased, it appeared to stimulate the follicle, before the
response decreased, even becoming inhibitory. The con-
centrations at which these events occur vary, however,
probably because of the different culture systems used.
Unfortunately, the stimulatory effects of minoxidil in most of
these studies may be due to an attenuation of the inhibitory
effects of serum on growth, rather than a direct effect per se
on follicle growth (Philpott et al, 1990). Therefore, the effects
of potassium channel openers need to be investigated us-
ing the superior serum-free follicle culture system described
by Philpott et al (1996).
In addition, all previous in vitro hair growth studies using
potassium channel openers were conducted in the pres-
ence of streptomycin, an aminoglycoside antibiotic that can
cause hypertrichosis (Sinclair, 2000). Streptomycin has an
inhibitory action on both Kþ (Takeuchi and Wangemann,
1993; Gu and Kong, 1997; Rouzaire-Dubois and Dubois,
1998; Murakami et al, 1999), and Ca2þ channels (Gu and
Kong, 1997; Murakami et al, 1999), with its action on volt-
age-dependent Kþ channels even inhibiting the growth of
cells in culture (Rouzaire-Dubois and Dubois, 1998). Al-
though a direct effect of streptomycin on KATP channels has
not been demonstrated, an effect on other Kþ channel
types may interfere with the putative KATP channel action of
minoxidil in cultured follicles. Indeed, streptomycin did pre-
vent minoxidil from potentiating the mitogenic effects of in-
sulin-like growth factor-1 and other factors on NIH 3T3
fibroblasts (Sanders et al, 1996). Similarly, when penicillin
and streptomycin were used in the culture medium higher
concentrations of minoxidil were needed to stimulate in-
creased growth of human epidermal keratinocytes (Boyera
et al, 1997). Therefore, it is important that streptomycin is
excluded from studies investigating potassium openers to
prevent experimental artifacts. A varying response to strep-
tomycin may partially explain the contrasts between the
effects of potassium channel openers in different follicle
culture systems.
As a result of all these factors a new consistent, practical
in vitro bioassay is needed to facilitate the development of
more effective hair growth promoters or to assess the po-
tential risk of unwanted hair growth side effects. Although
human hair follicles are the ideal tissue, the small numbers
of follicles available limits their use in a bioassay. Laboratory
rodents are also impractical as the pelage follicles are too
small; whisker follicles are possible but these are unusual
follicles with large venous sinuses, specialized as ne-
uroreceptors, which may well have different responses
(Randall et al, 2003). The red deer (Cervus elaphus) is an
attractive animal to use for hair growth studies. It has large,
easy to study follicles whose seasonal growth cycles mean
follicles in any given area are at the same stage of the hair
cycle. In addition, each year the stag grows an androgen-
dependent mane in the breeding season (Lincoln and Kay,
1971) also enabling studies on androgen-dependent folli-
cles in vitro. For a bioassay, the large number of follicles in
identical hair cycle stage available from red deer is a major
advantage; this allows a variety of experimental conditions
to be compared within the same individual animal. This
model also has ethical advantages, as skin is available from
animals bred and harvested for food. The culture of red deer
follicles is well established in our laboratory (Thomas et al,
1994; Thornton et al, 1994, 1996). The morphology and
pattern of cell division in cultured deer follicles resemble
that observed in vivo, and their growth rate is comparable
with the rate of coat growth in vivo. The seasonal hormonal
response of red deer follicles in vivo is also retained in cul-
ture (Thomas et al, 1994; Thornton et al, 1996).
Figure 1
A diagrammatic representation of the structure of ATP-sensitive
potassium (KATP) channels. KATP channels are composed of two
physically associated subunits: the sulfonylurea receptor, SUR and the
inward rectifier, Kir6.x in an octameric complex. The central four Kir6.X
subunits form the pore through which potassium channels move,
whereas the sulfonylurea receptors are regulatory. Different forms of the
subunits give different affinities for potassium channel regulators. Note
the presence of two intracellular nucleotide binding domains (NBD),
consisting of Walker A and B motifs joined by a conserved linker se-
quence in the SUR protein. Adapted from Bryan and Aguilar-Bryan
(1999), Dunne (1999), Miki et al (1999), and Fujita and Kurachi (2000).
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Therefore, isolated red deer anagen follicles cultured in
serum-free media in the absence of streptomycin were in-
vestigated to examine their potential as a bioassay for the
assessment of hair growth-promoting drugs and to eluci-
date further the mode of action of potassium channel open-
ers on hair growth. The effects of the established potassium
channel openers, minoxidil and diazoxide, and a new drug,
NNC 55-0118 (NovoNordisk, Bagsvaed, Denmark) (Nielsen
et al, 2002; Dabrowski et al, 2003; Jansson et al, 2003), on
the rate of follicular growth were compared. NNC 55-0118
only opens Kir6.2/SUR1channels (Nielsen et al, 2002; Da-
browski et al, 2003). Although minoxidil must be metabolized
into minoxidil sulfate to have its effects (Hamamoto and Mori,
1989; Buhl et al, 1990; Dooley et al, 1991; Anderson et al,
1998), minoxidil sulfate was not used in the assays because it
is unstable in aqueous solution, undergoing rapid hydrolysis
(Johnson et al, 1982; Harmon et al, 1993). Follicles are
expected to metabolize minoxidil to minoxidil sulfate by a
sulfotransferase enzyme predominantly located in the lower
outer root sheath in vibrissae follicles (Hamamoto and Mori,
1989; Buhl et al, 1990; Dooley et al, 1991).
To help clarify whether these potassium channel openers
were acting via KATP channels in the follicle, the response of
cultured follicles to KATP channel inhibitors, the sulfonyl-
ureas, tolbutamide, and glibenclamide, were also assessed.
Tolbutamide selectively inhibits Kir6.2/SUR1 KATP channels
with low potency, whereas glibenclamide non-selectively
blocks both SUR1 and SUR2B forms with high affinity
(Babenko et al, 1998; Ashcroft and Gribble, 2000; Fujita and
Kurachi, 2000; Gribble and Reimann, 2003; Seino and Miki,
2004).
The pH indicator, phenol red (phenolsulfonphthalein), in
the culture media may also interfere with agents that mod-
ulate potassium channels (Messenger and Birch, personal
communication). The phenol red used to prepare culture
media commonly contains a number of lipophilic impurities
generated during its synthesis (Kym et al, 1996), the pro-
portion of which varies between batch and supplier. There-
fore, the effects of a commercial phenol red preparation on
follicle growth and response to potassium channel modu-
lators were also investigated.
Results
Potassium channel openers stimulated follicle growth in
normal growth media Red deer hair follicles grew under all
experimental conditions for 8 d. An example of the growth
of an isolated follicle is shown in Fig 2. No difference in
gross morphology was observed between experimental
groups. All concentrations of minoxidil (0.1–100 mM,
po0.001) increased follicle growth over the culture period
(Fig 3a). Diazoxide at 10 mM significantly stimulated follicle
growth (po0.01), but at the other concentrations had no
significant effect (0.1 mM, p¼0.598; 1 mM, p¼ 0.952; 100
mM, p¼ 0.952; Fig 3b). All concentrations of NNC 55-0118
significantly increased growth over the culture period (1 mM:
po0.01; 0.1, 10, 100 mM po0.001 Fig 3c).
Tolbutamide inhibited follicle growth in normal growth
media Incubation of the isolated follicles with 1 mM tol-
butamide significantly inhibited the stimulatory effects of
10 mM minoxidil (po0.05; Fig 4a), diazoxide (po0.001; Fig 4b),
and NNC 55-0118 (po0.001; Fig 4c). In the minoxidil and
diazoxide, but not the NNC 55-0118, experiments, however,
follicles incubated with tolbutamide alone grew at a signif-
icantly lower rate than the vehicle (minoxidil study: po0.05;
diazoxide study: po0.01; NNC 55-0118 study: p¼0.488).
This was, therefore, investigated more fully and confirmed
with a larger sample number (po0.001; Fig 5a).
Effects of potassium channel regulators in phenol red-
free media Follicles maintained in phenol red-free media
grew at a significantly (po0.001) lower rate than when the
media were supplemented with 10 mg per mL phenol red,
the concentration normally used in the formulation of Will-
iam’s E medium (Fig 6). In phenol red-free conditions, tol-
butamide (1 mM) significantly (po0.001) reduced (Fig 5b),
and minoxidil (10 mM) significantly (po0.001) increased the
rate of follicle growth (Fig 7). A combination of minoxidil and
tolbutamide resulted in an inhibition of minoxidil-stimulated
growth (po0.001; Fig 8). Glibenclamide (10 mM) treatment
did not alter the growth of follicles compared with control
(p¼0.991; Fig 9), but did completely abolish (po0.001) the
stimulatory effects of minoxidil (Fig 10). Interestingly, folli-
cles incubated with a combination of minoxidil and gliben-
clamide also grew at a significantly lower rate then follicles
incubated with the vehicle (po0.001) or glibenclamide
alone (po0.05).
Figure2
Sequential photographs of a red deer hair follicle showing new
growth in vitro. Light micrographs taken under an inverted microscope
without phase contrast showing the initial length and sequential growth
of a hair follicle isolated from the red deer mane. Bar¼0.5 mm.
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Discussion
Deer hair follicles grew readily and maintained an anagen
morphology in vitro in the absence of serum and strepto-
mycin (Fig 2). The increase in the rate of follicle growth with
minoxidil, diazoxide, or NNC 55-0118 treatment (Fig 3)
demonstrates that red deer follicles have the capacity to
respond to various potassium channel openers directly. This
in vitro effect confirms previous reports that potassium
channel openers are capable of stimulating hair growth in-
dependent of any vascular effects (Buhl et al, 1989, 1992) in
the absence of any potential interference from serum or
streptomycin. The in vitro increase in follicle growth caused
by minoxidil is analogous to the in vivo increase in follicular
DNA synthesis in the bald scalp of stump-tailed macaques
Figure 3
Potassium channel openers stimulate red deer hair follicle growth
in vitro. Anagen hair follicles isolated from the mane of the red deer
winter coat were incubated in the presence of minoxidil (a), diazoxide
(b), or NNC 55-0118 (c) at concentrations of 0 (containing the vehicle
0.01% DMSO;’), 0.1 (  ), 1 (m), 10 (E) 100 mM (  ) n¼6 animals for
each). The increase in follicle length was measured sequentially with an
inverted microscope fitted with an eyepiece measuring graticle over 8
d. Values are mean  SEM of n¼5 animals; a minimum of six follicles
were isolated per animal and the mean was calculated to represent
each animal. Comparison between means of the animal means over the
entire culture period was performed as described in the Materials and
Methods; po0.05, po0.01, po0.001.
Figure4
The hair follicle growth-promoting effects of minoxidil, diazoxide,
and NNC 55-0118 are inhibited by tolbutamide. Anagen hair follicles
isolated from the mane of the red deer winter coat were maintained
with the vehicle (0.01% DMSO), 10 mM minoxidil, 10 mM diazoxide, 10
mM NNC 55-0118, 1 mM tolbutamide, 10 mM of minoxidil and 1 mM
tolbutamide, 10 mM of diazoxide and 1 mM tolbutamide, or 10 mM of
NNC 55-0118 and 1 mM tolbutamide. The increase in follicle length
after 7 d culture is expressed as a percentage of control follicle growth.
Values are mean  SEM of n¼6 animals for the minoxidil experiment
(a), n¼ 5 for the diazoxide experiment (b), or n¼6 for the NNC 55-0118
experiment (c). Comparison between means over the entire culture
period were performed on the original data as described in Materials
and Methods; a, po0.05; aa, po0.01; aaa, po0.001 compared with
control; b, po0.05; bbb, po0.001 compared with potassium channel
opener; ccc, po0.001 compared with tolbutamide.
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(Uno et al, 1987), the higher incidence of mitotic figures in
the hair follicles of CD1 mice (Schop and Goldberg, 1988),
and the increase in proliferation index of hairs plucked from
the frontal scalps of bald men (Kiesewetter et al, 1991) fol-
lowing topical minoxidil treatment.
The increased growth stimulated by minoxidil in red deer
hair follicles in serum-free media parallels the increased
DNA synthesis by human follicles in serum-free media (Imai
et al, 1993). The stronger response to minoxidil than diaz-
oxide by deer follicles also reflects human hair growth
in vivo, since hypertrichosis in adults treated with oral min-
oxidil is much more frequent than with oral diazoxide (Ko-
blenzer and Baker, 1968; Burton and Marshall, 1979; Zins,
1988). Topical minoxidil also appears to be slightly more
effective than diazoxide (Olsen et al, 1985; Olsen and We-
iner, 1987; Roenigk, 1988). Therefore, cultured red deer fol-
licles grown in the absence of serum and streptomycin
appear to be a relevant, practical, ethically advantageous
model for studying potassium channel openers, and prob-
ably other novel hair growth-promoting therapeutics.
The stimulatory effect of a commercial phenol red prep-
aration on follicle growth in this system (Fig 6) is an interesting
finding. Impurities from the synthesis of phenol red are
probably responsible. Reported impurities include those
with an estrogenic effect (Berthois et al, 1986; Bindal and
Figure 5
Tolbutamide inhibits red deer hair growth in vitro. Anagen hair fol-
licles isolated from the mane of the red deer winter coat were incubated
in the presence of either the vehicle (0.01% DMSO) (’) or 1 mM tol-
butamide (). The effects of tolbutamide on follicle growth in the pres-
ence (a; n¼ 23 animals) or absence (b; n¼14 animals) of 10 mg per mL
phenol red were compared. Values are mean  SEM; po0.001.
Figure 6
Phenol red stimulates red deer hair follicle growth in vitro. Anagen
hair follicles isolated from the mane of the red deer winter coat were
incubated in phenol red-free William’s E medium supplemented with 5
mM glucose, 0.01% DMSO (’) and 10 mg per mL phenol red ().
Values are mean  SEM of n¼6 animals; po0.001.
Figure7
Minoxidil stimulates red deer hair growth in phenol red-free media.
Anagen hair follicles isolated from the mane of the red deer winter coat
were incubated in phenol red-free media with either the vehicle (0.01%
DMSO) (’) or 10 mM minoxidil (). Values are mean  SEM of n¼ 8
animals; po0.001.
Figure8
The hair follicle growth-promoting effect of minoxidil is inhibited
by tolbutamide in phenol red-free media. Anagen hair follicles iso-
lated from the mane of the red deer winter coat were maintained with
either the vehicle (0.01% DMSO), 10 mM minoxidil, 1 mM tolbutamide,
or 10 mM of minoxidil and 1 mM tolbutamide. The increase in follicle
length after 7 d culture is expressed as a percentage of control follicle
growth. Values are mean  SEM of n¼ 6 animals; a, po0.05, aaa,
po0.001 compared with control; bbb, po0.001 compared with min-
oxidil.
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Katzenellenbogen, 1988), a cytotoxic activity (Grady et al,
1991; Kym et al, 1996), and an effect on cellular Naþ and Kþ
homeostasis (Hopp and Bunker, 1993; Lubin, 1993; Kym et al,
1996). Although the presence of phenol red did not alter the
follicular response to potassium channel modulators, it may
obscure the actions of other agents capable of affecting hair
growth. It seems preferable to carry out assessment of hair
growth-promoting drugs in phenol red-free media in future.
The potassium channel inhibitor, tolbutamide (1 mM),
antagonized the effects of all three potassium channel
openers, minoxidil, diazoxide, or NNC 55-0118 at 10 mM
(Fig 4), strongly supporting the concept that the potassium
channel openers were acting directly on KATP channels.
Both tolbutamide (Fig 8) and another potassium channel
inhibitor, glibenclamide (10 mM) (Fig 10), completely abol-
ished the stimulatory effects of minoxidil (10 mM) in phenol
red-free media. This contrasts with a previous report where
tolbutamide (5–500 mM) or glibenclamide (0.5–50 mM) had
no effect on minoxidil (1 mM)-induced 35S-cysteine incor-
poration into neonatal mouse vibrissae follicles (Buhl et al,
1993). Although these differences may indicate variations in
the action of minoxidil (Buhl et al, 1990) between adult deer
follicles and the neonatal, specialized mouse vibrissae fol-
licles, the effects are more likely to be due to methodolog-
ical differences between the studies. Most importantly,
control follicles lost morphology and underwent necrosis in
the serum-containing mouse vibrissae culture system; this
did not occur in the serum–free deer follicle culture. In ad-
dition, streptomycin was included in the vibrissae study and
only increased cysteine incorporation was measured, which
may not equate to greater hair length. Finally, the concen-
tration of the drugs used differed; although the glibencl-
amide concentrations are similar, Buhl et al (1993) used a
minoxidil concentration 100-fold higher and lower tolbut-
amide concentrations.
Tolbutamide alone (1 mM) also inhibited follicle growth in
culture both in the presence and absence of phenol red (Fig
5). This suggests that open KATP channels may be neces-
sary for normal hair follicle growth, at least in culture. Glib-
enclamide (10 mM), however, did not affect the rate of follicle
growth compared with the vehicle (Fig 9). This may reflect
differences in sensitivity of channels present in the follicle to
the two sulfonylureas. Alternative possibilities could be a
non-specific toxic effect of the tolbutamide on the hair fol-
licles or action by another mechanism apart from via po-
tassium channel effects. A toxic effect seems unlikely as
follicles continued to grow throughout the experiment, the
growth of tolbutamide follicles was normally distributed
(e.g., after 7 d of culture Kolmogorov–Smirnov Z¼ 0.518,
p¼0.951), and their morphology was normal. In addition,
growth was also inhibited by tolbutamide at 0.1 mm (data
not shown). Although action by another mechanism cannot
be excluded, tolbutamide at this concentration inhibits na-
tive (Trube et al, 1986; Ashcroft et al, 1989; Valdeolmillos
et al, 1992) and recombinant (Gribble et al, 1997b) KATP
channels.
The stimulation of hair follicle growth in vitro by various
potassium channel openers and its opposition by potassi-
um channel inhibitors strongly support a direct role in hair
follicles for potassium channel regulators rather than an
action mediated purely via the follicle vasculature. The ef-
fects of this range of regulators, however, suggest that the
follicle mechanism is not simple. Hair follicles are complex
organs involving several different tissue types in vivo in-
cluding capillaries and nerves; even in vitro, where any
possible vascular effects can be eliminated, follicles include
the regulatory mesenchyme-derived dermal papilla cells,
the epithelial cells that actively divide to enable the hair to
grow, the melanocytes that produce the hair pigment and
the dermal or connective tissue sheath that surrounds the
follicle, isolating it from the dermis. Both human epidermal
keratinocytes (Boyera et al, 1997) and follicular dermal pa-
pilla cells (Lachgar et al, 1998) respond to potassium chan-
nel regulators in vitro, suggesting that both cell types may
contain potassium channels. Although Nakaya et al (1994)
were unable to demonstrate KATP channels in either cultured
dermal papilla cells or outer root sheath cells using the
patch clamp method to examine conductance through the
membrane, Li et al (2001) were able to detect gene expres-
Figure 9
Glibenclamide does not affect the growth of red deer hair follicles
in vitro in phenol red free media. Anagen hair follicles isolated from
the mane of the red deer winter coat were incubated in phenol red-free
media with either the vehicle (0.01% DMSO) (’) or 10 mM glibencl-
amide (). Values are mean  SEM of n¼ 7 animals.
Figure 10
The hair growing effect of minoxidil is inhibited by glibenclamide in
phenol red-free media. Anagen hair follicles isolated from the mane of
the red deer winter coat were maintained in phenol red-free William’s E
medium supplemented with 5 mM glucose and either the the vehicle
(0.01% DMSO), 10 mM minoxidil (n¼5) glibenclamide, or 10 mM of NNC
55-0118 and 10 mM glibenclamide. Values are mean  SEM of n¼ 7
animals; aa, po0.01; aaa, po0.001 compared with control; bbb,
po0.001 compared with minoxidil; c, po0.05 compared with gliben-
clamide.
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sion of SUR2B receptors in dermal papilla cells. They have
suggested that cultured dermal papilla cells respond to
minoxidil via a complex mechanism involving SUR2B re-
ceptors and adenosine A1 and A2 receptors.
In the experiments reported here, the greater stimulatory
effect of minoxidil on hair growth compared with diazoxide
suggests the involvement of a SUR2-based channel. Al-
though diazoxide activates both the Kir6.2/SUR1 (e.g., pan-
creas) and the Kir6.2/SUR2B (e.g., vascular) channels, with
minor effects on the Kir6.2/SUR2A channels (e.g., cardiac
muscle), minoxidil has no significant effects on the Kir6.2/
SUR1 KATP channel, suggesting that their hair growth-pro-
moting effects will operate via a SUR2 form (Ashcroft and
Gribble, 2000; Seino and Miki, 2004). Indeed, minoxidil sul-
fate exhibits a biphasic affinity for Kir6.2/SUR2B channels
(Schwanstecher et al, 1998). On the other hand, the growth
stimulation elicited by the novel, channel-specific, potassi-
um channel opener, NNC 55-0118 (Nielsen et al, 2002; Da-
browski et al, 2003; Jansson et al, 2003), indicates an effect
mediated through SUR1/Kir6.2 potassium channels. The
inhibitory effects of tolbutamide both alone, and opposing
the action of NNC 55-0118, also supports an action through
SUR1/Kir6.2 potassium channels as tolbutamide has a high
affinity for the SUR1 receptor. Both tolbutamide and glib-
enclamide, however, also inhibited minoxidil stimulation,
suggesting an action through a SUR2B form as glibencl-
amide acts on SUR2B with high affinity and tolbutamide
with low affinity (Babenko et al, 1998; Ashcroft and Gribble,
2000; Fujita and Kurachi, 2000; Gribble and Reimann, 2003;
Seino and Miki, 2004). Overall, this would suggest that both
SUR1/Kir6.2- and SUR2B/Kir6.2-based KATP channels are
involved in hair follicle growth. This parallels a recent report
that pig urethra contains both SUR1 and SUR2B potassium
channels (Yunoki et al, 2003). Based on all current knowl-
edge, it seems feasible to hypothesize that potassium
channel regulators acting via SUR 2B may influence hair
growth via the dermal papilla, whereas those acting via
SUR1 receptors such as NNC 55-0118 may act directly on
the keratinocytes of the follicle. A role for SUR2 forms in
keratinocytes cannot be excluded at the moment. Since the
characterization of KATP channels is not yet complete, fur-
ther advances in our understanding of these channels in
other tissues may yield greater clarification of their mech-
anisms in the hair follicle. Particularly interesting currently
are the additional KATP channels recently detected in the
mitochondria of guinea pig heart myocytes (Sato et al,
2004). These have different characteristics from the establi-
shed ones in the sarcolemma of the cells and, although both
channels are activated by minoxidil, the mitochondrial forms
are much more sensitive to it.
In conclusion, the red deer hair follicle culture system
provides a useful model for investigating the action of po-
tassium channel openers in the absence of serum and
streptomycin. Although caution always has to be exercised
when extrapolating from animal models to human tissues,
the relative response of minoxidil and diazoxide in this sys-
tem reflects their clinical effects in adult human beings. The
availability of large numbers of follicles from a single animal
without many of the normal ethical drawbacks involved in
animal work means that this culture system offers a prac-
tical in vitro bioassay, which should allow a more complete
investigation into the mechanism of action of potassium
channel openers and other hair growth-promoting thera-
peutics in the hair follicle. The in vitro stimulation of hair
growth by potassium channel openers, and its inhibition by
channel inhibitors, is consistent with a direct action of po-
tassium channel regulators on potassium channels in the
hair follicle. The effects of a range of regulators that act by
different SURs on potassium channels suggest that the hair
follicle contains at least two types of potassium channels
with SUR1 and SUR2 receptors. Further studies may facil-
itate the development of more selective and more potent
hair-promoting treatments.
Materials and Methods
Materials William’s E medium, L-glutamine, and amphotericin B,
were supplied by Gibco BRL (Romford, UK). phenol red-free Will-
iam’s E medium, phenol red solution, minoxidil, diazoxide, D-glu-
cose, and penicillin were supplied by Sigma (Poole, UK). NNC 55-
118 (6-chloro-3-isopropylamino-4H-thieno[3,2-e]-1,2,4-thiadiazine
1,1-dioxide) was a kind gift from Novo Nordisk A/S (Bagsvc´rd,
Denmark). Tolbutamide and glibenclamide were purchased from
ICN (Basingstoke, UK). Tissue culture plasticware and other lab-
oratory consumables were obtained from SLS (Nottingham, UK).
Animals This study was conducted with skin samples which were
by-products, from mature red deer stags which had been harvested
for food. All animals used in the study were bred in Ireland or the UK
(longitude: 0–101W; latitude: 51–571N), before being transferred to a
farm (longitude: 11300W; latitude: 531300N) for a minimum of 2 wk
before harvesting. The stags were killed by the approved method of
pithing and exsanguination during the growth of the winter (breeding
season) coat (September, October, and November; age: 16–20
months; weight: 90–110 kg). Samples were collected into serum-
free media at 4 1C and transported to the laboratory on ice.
Isolation and maintenance of anagen hair follicles Anagen hair
follicles were isolated by microdissection from red deer mane skin.
Each hair follicle was then washed in PBS, before being transferred to
an individual well of a 24-well plate containing 1 mL William’s E me-
dium, supplemented with 2 mM L-glutamine, 100 IU per mL penicillin,
2.5 mg per mL amphotericin B, and 5 mM D-glucose (final media
concentration¼ 16.1 mM). For each stag used, a minimum of six
follicles were randomly assigned to each of the different experimental
groups and supplemented as described in Results; i.e. if n¼ 6 an-
imals per treatment at least 36 follicles were isolated and cultured in
each medium. The follicles were then maintained free-floating at 371C
in an atmosphere of 5% CO2 and 95% air. The culture medium was
changed every 2–3 d throughout the course of the experiment.
Measurement of follicle growth Follicle length was measured
every 24 h over an 8-d culture period using a Leitz Labovert inverted
microscope (Labovert, Leitz, Germany) with an eyepiece measuring
graticle at  40 magnification. The accuracy of this equipment was
 0.01 mm. Hair follicle growth (elongation) was defined as the
increase in the length of the hair follicle with time in culture (Philpott
et al, 1990). Follicles that failed to elongate by 0.01 mm/24 h were
classed as unviable and excluded from data analysis. The mean
growth of isolated follicles per stag for each treatment group was
determined prior to calculation of the sample mean. The growth of
hair follicles in each experimental group was expressed as the
mean increase in length (mm)  SEM of the number of animals
used. The effect of the different treatments with time in culture was
analyzed by two-factor, within-subjects ANOVA using the SPSS
statistical analysis program (SPSS Inc., Chicago, Illinois). If the
sample means of the different experimental groups differed signif-
icantly (po0.05), selected experimental group means were com-
pared using a Student’s paired t test with Sidak’s correction for
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multiple comparisons. Follicle growth was also graphically expres-
sed as a percentage of the control follicle growth at day 7.
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